catalytic cycle. The SAT domain in PksA selects a hexanoyl starter unit. The MAT domain loads the free ACP with malonyl units. After seven successive condensation events with malonyl-ACP catalysed in KS, the linear ACPbound polyketide 6 is cyclized (C4-C9 and C2-C11 cyclization events) and aromatized in the product template (PT) domain to give the bicyclic intermediate 7. The TE catalyses C-C cyclization to release anthrone 1, which undergoes oxidation to the anthraquinone norsolorinic acid (2) , to initiate the complex biosynthetic pathway to aflatoxin B 1 (3) . Asterisks denote the C and O nucleophiles involved in on-path and off-path cyclizations, respectively. b, In the absence of TE, the PT product 7 undergoes spontaneous O-C cyclization to norpyrone (4 efficient, stepwise aldol cyclizations (8 and 10) and their dehydrations (7 and 9) to yield the bicyclic ACP-thioester intermediate 7, which undergoes final Claisen/Dieckmann cyclization in the TE domain to release noranthrone (1) (Fig. 1a, c) 
4
. When the TE domain was absent, naphthopyrone (4) was produced by self-condensation of the stalled bicyclic PT product 7 (Fig. 1b) .
We crystallized PT in P2 1 2 1 2 1 and P4 1 2 1 2 space groups (Supplementary Table 1 ) and solved the PT crystal structure by multiwavelength anomalous dispersion (MAD) using selenomethioninederivatized PT followed by phase extension with the native data to 1.8 Å . The crystal structures from both crystal forms showed distinct electron density for palmitate (from Escherichia coli purification), which could be removed using lipid-binding resin followed by immediate incubation with the product analogue HC8 (5, Fig. 1b) with PT. The HC8-bound PT structure was solved by molecular replacement to 1.9 Å using the palmitate-bound structure. The PT domain (,39 kDa) was isolated as a homodimer in solution and exists as a dimer in the crystal structure (Fig. 2a) .
The PT primary sequence bears little similarity to any functionally characterized protein, except similarly placed domains in other fungal NR-PKSs. However, the PT crystal structure displays a DHD fold (Fig. 2a ) 8 that is a variant of those observed in the dehydrase (DH) domains of animal FASs and bacterial modular PKSs (Fig. 2b ) 9, 10 . Two DHD monomers associate via a PT-specific sequence insertion ( Supplementary Figs 1 and 2 ), leading to a molecule with dimensions 116 3 53 3 32 Å . On the basis of sequence similarity, the DHD fold and dimer interface are conserved in the PT domains from fungal NR-PKSs.
The palmitate-and HC8-bound PT structures identify a deep pocket that extends 30 Å from the surface to the bottom ( Fig. 3a) with well defined electron density for palmitate (PLM, Fig. 3b ) or HC8 (5, Fig. 3c ). The two crystal structures have a root mean squared deviation of 0.38 Å , indicating that little conformational change occurs in the rigid PT binding pocket in the presence of either linear or bicyclic compounds (except for Asn 1568, see later). The internal pocket can be visually divided into three regions ( Fig. 3a) : (1) the phosphopantetheine (PPT)-binding region extends 14 Å from the protein surface into the pocket. While the downstream ACP domain is transiently docked to the PT surface, this region is proposed to bind the ,18 Å PPT arm that delivers the substrate 6 into the pocket. (2) The cyclization chamber (8 3 13.5 Å ) can accommodate two aromatic rings (Fig. 3a, c) and contains the proposed catalytic dyad (Asp 1543/ His 1345) positioned appropriately to initiate regiospecific cyclizations. The PT HC8-bound structure positioned HC8 near this chamber (detailed in Supplementary Information). The central location of the cyclization chamber suggests that the substrate binds in an extended conformation with a pre-cyclization 'kink' in the middle of the polyketide (Figs 3a and 4) . Notably, hydrophilic residues and a network of crystallographic water molecules constitute a distinctly 'wet' side to the reaction chamber. In contrast, the orthogonal pocket proposed to accommodate the aldol cyclization products is largely hydrophobic and 'dry'. (3) The hydrophobic hexyl-binding region (6 3 6 Å ) lies at the bottom and is perfectly adapted to accept the substrate hexanoyl starter unit. The tail of the 16-carbon palmitate is positioned directly in this region, exemplifying its tight aliphatic binding capabilities. In PTs that do not bind a hexyl group, Gly 1491 at the bottom of the hexylbinding region becomes a bulky residue and closes off the pocket ( Supplementary Fig. 1 ). The above observations strongly support the view that the hexyl-and PPT-binding regions anchor the ends of the extended ACP-linked poly-b-keto substrate, and the cyclization chamber accommodates two regiospecific cyclizations.
The PT active site has three features distinct from other DHDs: (1) the catalytic histidine (His 1345) uses its Nd instead of Ne as the basic nitrogen ( Fig. 4 and Supplementary Fig. 3) . (2) The catalytic Asp 1543 polarizes His 1345. In DHs and hydratases, the active site His is polarized by a neighbouring backbone carbonyl oxygen, not by the Asp 11, 12 . (3) The oxyanion hole exists in an altered location compared to known DHDs, where the second half of the oxyanion hole typically is the backbone N-H of a glycyl residue before the 'hot dog' helix 11, 12 . This glycine is replaced by a proline (Pro 1355) in PksAthe only residue incapable of providing an amide hydrogen bond. These differences suggest that PksA PT has evolved substantially from a simple DH or hydratase.
The palmitate-and HC8-bound structures, docking simulations (detailed in Supplementary Information) and comparisons to related enzymes support the following proposed mechanism for PT-catalysed first-and second-ring cyclization and aromatization ( Fig. 4 and Supplementary Fig. 3 ): the ACP-bound linear substrate 6 binds to the PT substrate pocket in an extended conformation, as exemplified in the palmitate-bound structure and simulations. The lack of a salt bridge between the carboxylate of palmitate and the catalytic His implies that His 1345 is present as histidine (not histidinium) and functions as the key catalytic base. Acting together with Asp 1543 (hydrogen-bonded to, and oriented by, Gln 1547), His 1345 deprotonates C4, leading to the enolate intermediate stabilized by the backbone N-H of Asn 1568. Collapse of the enolate and subsequent C4 aldol addition to C9 carbonyl (C4-C9 cyclization event) leads to the first ring cyclization product 8, with the network of water molecules bound to Ser 1356, Asp 1543, Asn 1568 and Thr 1546 stabilizing the oxyanion (altered PT oxyanion site). The extent of enolization in b-diketones is known to be highly dependent on the polarity of the surrounding medium 13 . 2,4-Pentanedione, for example, exists in its diketo form 5 or 6:1 in water, but is almost entirely enolized in cyclohexane (97-98%) 14 . The role of the 'wet' side of the reaction chamber becomes evident with its water network ensuring that the C9 carbonyl The second ring is formed in the same manner as the first to achieve C2-C11 closure (Supplementary Fig. 3 ). LETTERS is both in its electrophilic keto tautomeric form and polarized through hydrogen bonding to activate it for intramolecular aldol cyclization, whereas the conserved Asn 1554 could anchor C11 or C13 by hydrogen bonding. First ring aromatization could occur with a loss of hydroxide (E1cb) similar to scytalone dehydrase 15 and enoyl-CoA dehydrase 16 , but with a larger thermodynamic driving force. The first aromatized ring then translocates into the cyclization chamber, and the second ring (C2-C11) cyclization and aromatization occurs analogously to the first ring cyclization event. We take the view exemplified by recent experiments with Mycobacterium tuberculosis FabH that product release and substrate binding occur in an 'open' form of the protein, whereas catalysis takes place in the 'closed' form apparent in the crystal structures 17 . The importance of the proposed active site residues was verified by independently mutating His 1345, Asp 1543, Gln 1547 and Asn 1554 to Ala, which resulted in no detectable activity (detailed in Supplementary Discussion and Supplementary Figs 3 and 4) . The Thr 1546 backbone amide carbonyl and side-chain hydroxyl are each hydrogen bonded to one of the two ordered water molecules proposed to stabilize the substrate electrophilic centre of the aldol cyclization reactions (Fig. 4) . Mutation of this residue to Ala disrupts one of these interactions and activity falls to approximately 40%. In the HC8-bound structure, the Asn 1568 side-chain amide is hydrogen bonded to one of these water molecules, whereas in the palmitate structure it moves to hydrogen bond to the fatty acid carboxylatebut the ordered water remains in place. Here mutation to Ala slightly raises production of the PT-released product 4 (approximately 120%), presumably by reducing steric constraints in the active site where substrate movement is occurring during the cyclization steps. Furthermore, Gly1491Leu represents a bulky mutation to block the hexyl-binding pocket, which also resulted in no apparent activity. Sequence alignments suggest that the catalytic mechanism for PT domains in fungal PKSs is conserved (Supplementary Fig. 1 ). As expected, the largest variations lie within the cyclization chamber in keeping with their proposed function.
To evaluate the role of PT in the global domain organization of type I nonreducing IPKSs, the oligomerization states of independent mono-, di-and tridomains were determined by native PAGE (detailed in Supplementary Table 2) , and the results support a structural organization of PksA with similarity to animal FAS 9 (Fig. 2b) . The above analyses coupled with previous phylogenetic results 18 suggest that the dimeric PT domain evolved from ancient DH domains in reducing PKSs and would be positioned at the DH locus in animal FAS.
Two distinct cyclization patterns for aromatic polyketides from fungi and Streptomyces have been identified 2 . The S-pattern, in which the first ring is cyclized between C7-C12 or C9-C14, is observed in type II PKSs from Streptomyces. Alternatively, the F-pattern denotes first ring cyclization between C4-C9 4 , C2-C7 19 , or C6-C11 2 , which is observed exclusively in fungal aromatic IPKSs (Supplementary Fig. 5) . Recently, the molecular basis of the S-folded cyclization pattern (C9-C14) was elucidated by solving the tetracenomycin (Tcm) ARO/CYC crystal structure (Fig. 3d) and conducting pocket residue mutagenesis 20 . In the present work, we have shown that the PT domain is capable of driving first-and second-ring cyclization from a preassembled, fixed-length poly-b-keto chain to promote the F-folded cyclization pattern. The Tcm ARO/CYC structure exhibits a helix-grip fold ( Supplementary Fig. 2) 20 that has topology similar to the DHD fold of PT. The crystal structures, mutagenesis experiments and earlier mass spectrometric results 4 support the view that PT binds a fully extended ACP-bound poly-b-keto intermediate 'kinked' into the cyclization chamber, and catalyses formation of the F-folded cyclization pattern ( Fig. 4 ; a rationale for the observed F-folded patterns is detailed in the Supplementary Information and illustrated in Supplementary Fig. 6 ). In contrast, the ARO/CYC probably bends the extended poly-b-keto intermediate into a hairpin and promotes closure to the S-folded pattern ( Supplementary Fig. 6 ) 20 . The highresolution characterizations of a fungal PT and a bacterial ARO/CYC provide detailed views of these two engines of selective polyketide cyclization and aromatization and will guide the rational alteration of these cyclization domains to new synthetic tasks.
METHODS SUMMARY
All proteins used in the work were overproduced in E. coli BL21(DE3) or Rosetta2(DE3) (Novagen), and purified by Ni-affinity followed by FPLC chromatography for crystallization. PT was crystallized at room temperature by sitting-drop vapour diffusion in 0.22 M ammonium acetate (or 0.23 M sodium citrate) and 20-22% PEG3350. Data were collected on beamline 9-1 at the Stanford Synchrotron Radiation Laboratory (SSRL) and beamline 8.2.2 at the Advanced Light Source (ALS). The PT crystallographic phases were determined by MAD using selenomethionine-derivatized PT. Docking of polyketide substrates and ACP with PT was performed by GOLD 21 and 3D-Dock 22 , respectively. CHARMm minimizations were performed with the Discovery Studio (DS) 2.1 suite. PksA global architecture was re-constructed using fragments of PksA detected by native gels and size-exclusion chromatography. Site-directed mutations were performed in the PT monodomain construct pEPT2.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
